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INTRODUCTION 

Co-processing i n v o l v e s  the  convers ion  of r e l a t i v e l y  low-cost coal  and heavy o i l  i n  
t he  presence o f  hydrogen t o  s y n t h e t i c  crudes t h a t  can be f u r t h e r  upgraded i n t o  
premium l i q u i d  f u e l s .  Th i s  a l t e r n a t i v e  coa l  conve rs ion  concept e l i m i n a t e s  o r  
s i g n i f i c a n t l y  reduces t h e  need f o r  so l ven t  r e c y c l e  and hence o f f e r s  g rea te r  p o t e n t i a l  
f o r  improv ing  economic performance over  c u r r e n t  d i r e c t  c o a l  l i q u e f a c t i o n  
techno log ies .  

A l b e r t a  i s  endowed w i t h  l a r g e  reserves  o f  subbi tuminous coals,  b i tumen and heavy 
o i l s .  The combined process ing  o f  these feeds tocks  i s  a t t r a c t i v e  f o r  t h e  A l b e r t a  
scenar io .  A l b e r t a  Research Counc i l  has been a c t i v e  i n  deve lop ing  t h e  co-process ing  
techno logy  (1,2). Due t o  t h e  h i g h  oxygen and m ine ra l  ma t te r  con ten ts  i n  A l b e r t a  
subbi tuminous coa ls  p l u s  t h e  h i g h  s u l f u r  and meta l  con ten ts  i n  bi tumens, s p e c i a l  
cons ide ra t i ons  a re  necessary  when process ing  these feeds tocks ,  f o r  example, removal 
o f  oxygen t o  a v o i d  excess ive  hydrogen consumption; remova: o f  m lne ra l  n a t t e r  t o  
reduce d e a c t i v a t i o n  o f  expensive c a t a l y s t s ;  o r  use o f  less e f f i c i e n t ,  low-cos t  
d isposab le  c a t a l y s t s  . A l b e r t a  Research Counc i l  developed a two-stage process wh ich  
i nvo l ves  a f i r s t - s t a g e  coa l  s o l u b i l i z a t i o n  i n  bi tumen o r  heavy o i l  u s i n g  a m i x t u r e  o f  
carbon monoxide and steam i n  t h e  presence o f  an a l k a l i  me ta l  c a t a l y s t ,  f o l l owed  by a 
c a t a l y t i c  hyd rogena t ion  second-stage ( 3 ) .  

Th is  paper i s  focused on t h e  use o f  d isposab le  i r o n  ox ide  c a t a l y s t s  i n  co-process ing  
two A lbe r ta  subbi tuminous c o a l  and bi tumen feed p a i r s .  E f f e c t s  o f  r e a c t i o n  s e v e r i t y ,  
p ressure  and coa l  c o n c e n t r a t i o n  w i l l  be discussed. 

EXPERIMENTAL 

process  U n i t  

t o -p rocess ing  exper iments  were c a r r i e d  o u t  i n  a two-stage, cont inuous  f l o w  r e a c t o r  
system with a nominal  c a p a c i t y  o f  2 Kg lh  o f  s l u r r y  feed.  The r e a c t o r  system c o n s i s t s  
o f  two s t i r r e d  tanks  o f  one and two l i t r e s  i n  volume connected i n  se r ies .  Produc ts  
were c o l l e c t e d  ove r  a m a t e r i a l  balance p e r i o d  o f  e i g h t  hours under s teady  s t a t e  
cond i t i ons .  For a l l  exper iments repo r ted  i n  t h i s  paper, t h e  m a t e r i a l  balances were 
w i t h i n  100 2 3%. For  compara t ive  purposes, a l l  da ta  were normal ized  t o  g i v e  100% 
recovery  by a d j u s t i n g  the  we igh t  o f  t h e  s l u r r y  p roduc t .  D e t a i l s  o f  t h e  process  u n i t  
a re  a v a i l a b l e  e lsewhere  (4 ) .  

S l u r r y  p roduc ts  were d i s t i l l e d  acco rd ing  t o  a m o d i f i e d  ASTM D-1160 procedure ,  
f o l l owed  b y  e x t r a c t i o n  u s i n g  p y r i d i n e  i n  a soxh le t  appara tus .  

F e e d s t o c k  

The co-processing c h a r a c t e r i s t i c s  o f  two feed p a i r s ,  H ighva le  (subbi tuminous B) l 
Athabasca bi tumen and Vesta (subbi tuminous C )  I Co ld  Lake bi tumen, were eva lua ted .  
The t w o  c o a l  samples were ob ta ined  f rom the  A l b e r t a  Research C o u n c i l ' s  sample bank. 
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The Athabasca bi tumen sample was a Suncor coker feed (IBP 222'C) w h i l e  t h e  Cold Lake 
sample was an atmospher ic d i s t i l l a t i o n  residuum ob ta ined  f rom t h e  I m p e r i a l  O i l  
S t ra thcona Re f ine ry ,  Edmonton. Analyses o f  t h e  coa ls  and bi tumen samples a re  g i ven  
i n  Tables 1 and 2, r e s p e c t i v e l y .  

React ion  S e v e r i t y  

Previous ba tch  au toc lave  exper iments (5 )  i n d i c a t e d  t h a t  i r o n  ox ides  can be used as 
e f f e c t i v e  c a t a l y s t s  t o  s o l u b i l i z e  A l b e r t a  coa ls  i n  pe t ro leum d e r i v e d  so l ven ts  a t  
temperatures up t o  470'C under a hydrogen atmosphere o f  about 2 1  MPa. I n  o rde r  t o  
avo id  excess ive  cok ing ,  t he  cont inuous  f l o w  CSTR exper iments were c a r r i e d  ou t  a t  
temperatures below 470'C. 

React ion tempera ture  and space t ime  i n  bo th  r e a c t o r s  were v a r i e d  t o  de termine t h e  
impact o f  r e a c t i o n  s e v e r i t y  on p roduc t  y i e l d s  and q u a l i t i e s .  As a f i r s t  
approximat ion,  a s i m p l i s t i c  approach was taken by d e f i n i n g  a r e a c t i o n  s e v e r i t y  index 
which combined t h e  e f f e c t s  o f  t he  temperature ( T )  and nominal  res idence  t i m e  ( N .  
RTime) i n  a r e a c t o r .  

React ion S e v e r i t y  ( S V )  = [ (N. RTime) * EXP(-EIRT) list reactor 
1 

+ [ (N. RTime) * EXP(-E/RT)  ]2nd reactor 

The a c t i v a t i o n  energy ( E )  f o r  bo th  stages was assumed t o  be 1 . 2 6 ~ 1 0 ~  jou les /g-mole  
(30 Kcal /g-mole).  A re fe rence  s e v e r i t y  index o f  u n i t y  was a r b i t r a r i l y  d e f i n e d  a t  t h e  
c o n d i t i o n  o f  400'C f o r  60 min. 

F igu re  1 compares co-process ing  r e s u l t s  ob ta ined a t  va r ious  degrees o f  r e a c t i o n  
s e v e r i t y  < SV < 5) f o r  t h e  Ves ta lCo ld  Lake p a i r  w i t h  mo is tu re-and-ash- f ree  (maf) 
coa l  load ings  between 27 and 30 w t % .  The s i m p l i s t i c ,  r e a c t i o n  s e v e r i t y  index 
approach g i ves  good c o r r e l a t i o n  w i t h  p roduc t  y i e l d s  when expressed i n  terms o f  maf 
feed bas is .  Y ie lds  o f  carbon ox ides  and hydrogen s u l f i d e s  a re  r e l a t i v e l y  cons tan t  
over the  whole range o f  c o n d i t i o n s  s tud ied .  A lso ,  as t h e  r e a c t i o n  s e v e r i t y  inc reases  
the  hydrocarbon gas y i e l d  inc reases  p r o p o r t i o n a t e l y ,  w h i l e  the  p y r i d i n e  i n s o l u b l e  
o rgan ic  m a t t e r  ( I O M )  decreases. Even a t  t h e  h ighes t  r e a c t i o n  s e v e r i t y  c o n d i t i o n s  
tes ted ,  t h e r e  was no s i g n  o f  excess ive  coke fo rma t ion ,  as r e f l e c t e d  by  t h e  steady 
decrease i n  t h e  amount o f  I O M  i n  t h e  r e s i d u a l  s o l i d s .  These I O M  va lues  cor respond t o  
coa l  convers ions  (measured by  p y r i d i n e  e x t r a c t i o n )  between 93-99 w t %  maf c o a l ,  which 
were found t o  be i n  agreement w i t h  c o a l  l i q u e f a c t i o n  r e s u l t s  ob ta ined  under s i m i l a r  
process c o n d i t i o n s  (7 ) .  

With i n c r e a s i n g  s e v e r i t y  d i s t i l l a b l e  o i l s  (IBP-5OO'C) a re  formed a t  t h e  expense o f  
p y r i d i n e  e x t r a c t a b l e  m a t e r i a l s .  Using t h e  two-stage CSTR system, a maximum y i e l d  o f  
62 w t %  maf feed  was ob ta ined  a t  t he  h ighes t  s e v e r i t y  t es ted .  D i s t i l l a b l e  o i l  y i e l d s  
of as h i g h  as 75% maf feed  were observed us ing  a t u b u l a r  r e a c t o r  system (6). 

Comparing p roduc t  y i e l d s  f rom co-processing o f  t h e  two feed  p a i r s  ( r e f e r  t o  F i g u r e  1 
and 2),  t h e  H ighva le lA thabasca p a i r  seems t o  produce more carbon ox ides ,  hydrocarbon 
gases and I O M ,  b u t  l ess  d i s t i l l a b l e  o i l s .  These d i f f e r e n c e s  wh ich  become more 
pronounced a t  h ighe r  r e a c t i o n  s e v e r i t y  cond i t i ons ,  cannot be c o r r e l a t e d  t o  the  
elemental  and pe t rog raph ic  analyses as g i ven  i n  Table 1. A l though Vesta and H ighva le  
coa ls  have a s i m i l a r  v i t r i n i t e  conten t ,  Vesta coa l  con ta ins  a h i g h e r  percentage o f  
i n e r t i n i t e  and thus  i s  expected t o  be l ess  r e a c t i v e .  However, convers ions  o f  
Highvale c o a l  (82-85 w t % )  were i n  f a c t  10-14 w t %  lower than  Vesta coa l .  A s i m i l a r  
r e s u l t  was a l s o  ob ta ined  under the  d i r e c t  coa l  l i q u e f a c t i o n  mode (7 ) .  On t h e  o t h e r  
hand, d i f f e r e n c e  i n  carbon ox ides  y i e l d  f rom co-process ing  c o n t r a d i c t s  p rev ious  
r e s u l t s  ob ta ined  f o r  these coa ls  under l i q u e f a c t i o n  mode ( 7 ) .  

Figures  1 and 2 revea l  s i m i l a r  y i e l d s  o f  n o n - d i s t i l l a b l e ,  p y r i d i n e  e x t r a c t a b l e  
m a t e r i a l  f o r  bo th  feed  p a i r s .  However, d e t a i l e d  compound c l a s s  a n a l y s i s  (3) suggests 

( 2  

t h e  
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t h a t  most o f  t h e  r e s i d u a l  o i l s  occu r red  i n  t h e  fo rm of hydrocarbons, r e s i n s  and 
asphal tenes w i th  l e s s  than  30 w t %  as preasphal tenes. The h ighe r  p reaspha l tene 
conten t  i n  p roduc ts  f rom t h e  Highvale/Athabasca p a i r  f u r t h e r  conf i rmed t h e  lower 
r e a c t i v i t y  o f  t h i s  f e e d  p a i r .  

Pcessure 

E f f e c t  o f  system p ressu re  was s tud ied  over a narrow range o f  14.2 t o  20.7 MPa a t  two 
d i f f e r e n t  r e a c t i o n  s e v e r i t i e s .  The low pressure  exper iments were c a r r i e d  o u t  a t  a 
s l i g h t l y  lower maf c o a l  l oad ing  o f  27 w t % ,  w h i l e  t h e  h igh  pressure  da ta  were 
c o l l e c t e d  us ing  30 w t %  o f  coa l .  Cons ider ing  t h e  s l i g h t  d i f f e r e n c e  i n  coa l  l oad ing ,  
t h e r e  no s i g n i f i c a n t  e f f e c t s  on p roduc t  d i s t r i b u t i o n  due t o  t h e  lower o p e r a t i n g  
pressure,  as i n d i c a t e d  i n  t a b l e  3. However, low pressure  opera t i ng  cond i t i ons ,  which 
may c rea te  long t e r m  o p e r a t i n g  problems, war ran t  f u r t h e r  i n v e s t i g a t i o n  i n  a l a r g e  
sca le  p i l o t  u n i t .  

Coal Concen t ra t i on  

Bitumen i s  cons idered a poorer  s o l v e n t  than coa l -de r i ved  l i q u i d s  f o r  Coal 
s o l u b i l i z a t i o n .  I n  once-through mode opera t i on ,  t h e  a b i l i t y  o f  b i tumen t o  s o l u b i l i z e  
coa ls  may d e t e r i o r a t e  as t h e  coa l  concen t ra t i on  inc reases .  As i l l u s t r a t e d  i n  F igu re  
4,  produce y i e l d s  f rom co-process ing  o f  Highvale/Athabasca under r e l a t i v e l y  m i l d  
s e v e r i t y  c o n d i t i o n s  i nc rease  s t e a d i l y  as t h e  coa l  concen t ra t i on  inc reases  f rom 0 t o  
35 w t % .  The bi tumen-only case g i ves  58 w t %  ( feed  bi tumen bas is )  o f  d i s t i l l a b l e  o i l s .  
The incrementa l  o i l  y i e l d  a t  a c o a l  l o a d i n g  o f  35 wt% i s  about 18 w t %  on a bi tumen 
feed  bas is .  T r a n s l a t i n g  back t o  maf c o a l  bas is ,  t h i s  i s  equ iva len t  t o  33 w t % ,  which 
i s  10-15 wt% h i g h e r  t h a n  t h e  t y p i c a l  va lues  when anthracene o i l  was used as a 
i O ; v 8 r l i ,  under s i m i i a r  p rocess  Cond i t ions .  The h ighe r  inc rementa l  o i l  y i e l d  p rov ides  
a d d i t i o n a l  i n c e n t i v e  f o r  co-process ing  o f  coa ls  and bitumen. 

CONCLUSION 

Co-processing o f  A l b e r t a  Subbi tuminous coa ls  and bi tumen i n  a two-stage, once-through 
mode i s  t e c h n i c a l l y  f e a s i b l e .  These r e s u l t s  i n d i c a t e  t h a t  s y n e r g i s t i c  e f f e c t s  occur 
when the  H ighva le  and Vesta coa ls  a re  processed w i th  Athabasca and Co ld  Lake bi tumen, 
r e s p e c t i v e l y .  Decreas ing  t h e  system pressure  f rom 20.7 t o  14.2 MPa has no 
s i g n i f i c a n t  e f f e c t  on p roduc t  d i s t r i b u t i o n .  Desp i te  t h e  over s i m p l i f i c a t i o n  o f  t h e  
two-stage CSTR model, good c o r r e l a t i o n s  a re  ob ta ined between produc t  y i e l d s  and t h e  
r e a c t i o n  s e v e r i t y  index .  
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Tab le  1. Typ ica l  P roper t i es  o f  H ighva le  and Vesta Coals 

H i  ghva 1 e Vesta 

ASTM Rank 

m i m a t e  Anal- ( w t % )  

Capac i ty  Mo is tu re  
Mois tu re  Free  Ash 
V o l a t i l e  Ma t te r  (maf) 
F ixed Carbon (maf) 

t a l  A n a l v s i s  ( w t X )  

Carbon 
Hydrogen 
N i t rogen  
S u l f u r  
Oxygen 
H / C  

Pet roaraoh ic  LQmoos i t ien  ( ~ 0 1 % )  
. .  

V i t r i n i t e  
L i p t i n i t e  
S e m i - f u s i n i t e  
I n e r t i n i t e  

Subb i t .  B 

19.6 
11.4 
39.6 
60.4 

75.0 
4.3 
1.1 
0.2 

19.3 
0.69 

75.0 
2.1 

22.2 
1.1 

Subb i t .  C 

24.7 
12.4 
41.9 
58.1 

14.4 
5.0 
1.5 
0.6 

18.5 
0 .81  

73.0 
0.3 
8.9 

17.0 
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Tab le  2. Typ ica l  A n a l y s i s  o f  Feed O i l s  

~ ~ ~ 

A t  habas ca Cold Lake 
Coker Feed Atm. Bottom 

Elemental  Ana lv  & (maf) 

Carbon 
Hydrogen 
N i t rogen  
S u l f u r  
Oxygen (by  d i f f . )  
H / C  

D i s t i l l a t i o n  and E x t r a c t i o n  

Mo i s t u r e  

Residual  O i l s  
Residual  S o l i d s  

COInDOUnd Class A n a l v s i s  

Hydrogen & Res in  
Asphal tene 
Preasphal tene 

IBP-5OO'C 

w t %  

82.9 
10.3 
0.5 
5.3 
1.1 
1.49 

29.5 
69.9 

0.6 

79.8 
18.9 

1.3 

w t %  

83.2 
10.3 
0.9 
5.3 
0.3 
1.49 

0.01 
29.2 
70.7 
0.05 

70.5 
27.2 

2.3 

Table 3. E f f e c t  o f  Pressure  on  Co-processing o f  Ves ta lCo ld  Lake 
Atmospher ic  Bottom Us ing  I r o n  Oxide as Ca ta l ys ts  

~ ~ ~ ~~ ~ 

H igh  S e v e r i t y  Low S e v e r i t y  

Case A Case B Case C Case D 

Pressure (MPa) 20.7 14.3 20.7 14.2 
Temperature ( 'C)  431/431 431/430 420/419 418/416 
Sever i t y  Index 3.52 3.90 2.65 2.56 

Product D i s t r i b u t i o n  (maf w t %  feed)  . .  

c1 - c5 
IBP-200'C 
200-375'C 
375-5OO'C 
500'C+ 
I O M  

4.53 5.20 3.15 4.08 
11.14 14.32 7.23 10.43 
10.93 16.58 8.54 10.40 
31.86 28.76 31.27 29.11 
36.56 33.81 44.10 42.90 

1.33 1.73 1.76 2.61 

H2 consumed 1.86 2.85 1.65 2.42 
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